We have demonstrated efficient blue organic light-emitting diode with the structure of indium tin oxide/4,4 ,4 -tris(N-(2-naphthyl)-N-phenyl-amino)triphenylamine/1,4-bis[N-(1-naphthyl)-N -phenylamino]-4,4 -diamine/9,10-di(2-naphthyl)anthracene (ADN): 1-4-di-[4-(N,N-di-phenyl)amino]styryl-benzene (DSA-ph) 3 wt%/tris-(8-hydroxyquinoline)aluminum/LiF/Al. Improved efficiencies and longer operational lifetime were obtained by codoping a styrylamine-based dopant BD-3 (0.1 wt%) into the emitting layer of ADN doped with DSA-ph compared to the case of non-codoping. This was due to the improved charge balance and expansion of exciton recombination zone. The better charge balance was obtained by reducing the electron mobility of ADN which was higher than the hole mobility in the case of non-codoping.
Introduction
High performance and high efficiency in organic lightemitting diodes (OLEDs) depend on charge carrier distribution and charge balance. Especially the charge balance is very important to achieve a long lifetime of OLED, because the balance avoids charge leakage from the emitting layer to the electrodes. A number of methods have been undertaken to achieve high carrier density and charge balance. For example, one method is to carry out a good alignment between the Fermi level of the electrode and the corresponding transport band of the adjacent organic layer. Other methods are that indium tin oxide (ITO) has been physically (e.g., UVozone), chemically, and/or electrochemically treated, and hole injection layer (HIL) has been inserted between anode and organic layer, to reduce the carrier injection barrier height and to obtain high-density hole injection [1] .
The electron mobility is largely different from the hole mobility for most organic materials, giving rise to charge imbalance. It is necessary to make the electron and hole mobilities in emitting layer (EML) comparable to each other [2] . In the present paper we propose a codoping method to obtain the comparable mobilities using a blue OLED.
Blue OLEDs are important for various applications, for example, traffic signals, full color scanners, displays, and lighting including white emission generated by color conversion method. Therefore we fabricate a blue OLED to find a method to obtain the charge-balanced OLEDs. Of various blue emitters, 1-4-di-[4-(N,N-di-phenyl)amino]styrylbenzene (DSA-ph) has been paid much attention because of its high efficiency and stability [3] . Diphenylanthracene derivative, 9,10-di(2-naphthyl)anthracene (ADN) has been used as highly efficient host material for not only green and red emitters but also blue emitters such as 2,5,8,11-tetra-t-butylperylene (TBP) [4] and 4,4 -bis[2-(4-(N,Ndiphenylamino)phenyl)vinyl]biphenyl (DPAVBi) [5] . Therefore we are concerned with blue OLED with emitting layer (EML) of DSA-ph doped ADN in this paper.
Experimental
The OLEDs were fabricated by vacuum thermal evaporation method. The base pressure was better than 7 × 10 −4 Pa during the evaporation of organic materials and Al cathode. . All these materials were purchased from e-Ray Optoelectronics Technology Co., Ltd. All the device fabrication processes were performed without breaking the vacuum. The layer thickness was controlled in situ using a quartz crystal monitor.
The following two devices were fabricated: where the thickness of each layer and the doping concentration of emitting layer (EML) are indicated. The ITO had a thickness of 220 nm. The layer structure of Device B is shown in Figure 1 , together with the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels for each layer. The difference of Device B from Device A is that a styrylamine-based blue-emitting dye BD-3 is codoped in EML in Device B. The BD-3 was purchased from Kodak Co., Ltd. It was selected because it exhibited a very high electroluminescence (EL) efficiency of 7.2 cd/A and emitted a 448 nm deep blue light which can be distinguished from DSA-ph emission [6] . Figure 2 shows the EL spectra of Devices A and B measured at 10 V. The nearly identical EL spectra were obtained for the two devices, that is, intense peak at 470 nm accompanied by vibronic sidebands at 504 and about 540 nm, but a higher intensity for Device A than for Device B. The 470 nm emission band with two vibronic sidebands is ascribed to DSAph. Emission of ADN at 452-455 nm [7] [8] [9] was not observed, indicating efficient energy transfer from ADN to the dopant. Emission of BD-3 at 448 nm [10] was also not observed because of much smaller concentration than DSA-ph. The luminance-voltage (L-V ) and current densityvoltage (J-V ) characteristics are shown in Figures 3 and 4 , respectively. It is found that the luminance is higher for Device A than for Device B at high voltages above about 6.5 V (Figure 3) . Different OLED performance is observed between Advances in Materials Science and Engineering the two devices although the two devices follow the same Ohmic law of J ∝ V below 3 V and J ∝ V 5.2 above 7 V, while Devices A and B follow J ∝ V 13.9 and J ∝ V 15.5 at 3-4 V, respectively (Figure 4 ). An increase of current density in Device B relative to Device A is observed at 3-4 V. This indicates increase of electron mobility due to decrease of electron traps in Device B. Figure 5 shows the luminous efficiency-current density (η lumi − J) and the power efficiency-current density (η power − J) characteristics for the two devices. The efficiencies η lumi and η power of Device B are higher than those of Device A at current densities below 0.1 A/cm 2 , while these efficiencies are almost the same at current densities above 0.2 A/cm 2 for the two devices. The external quantum efficiency (EQE) of fluorescent OLEDs is considered to be the product of the following four factors: the charge balance of holes and the electrons, the singlet exciton ratio, the photoluminescence quantum efficiency (PLQE), and the light outcoupling efficiency [11] . The charge balance and PLQE can be maximized to 100%, and the singlet ratio is considered to be 25% due to the spinstatistics of the charge recombination. Thus, if the outcoupling efficiency ranges from 20% to 30%, the upper limit of EQE becomes 5%-7.5%. It is noteworthy that we obtained an almost upper EQE of 6% (see Figure 6 ) in Device B based on the fluorescent emitter DSA-ph. The superiority of Device B to Device A is found in not only the EQE but also the device operational lifetime as shown in Figures 6 and 7 , respectively. Regarding the lifetime, it is longer by about 1.3 times for Device B than for Device A.
Results and Discussion
We consider the reason why Device B shows higher luminous, power, and external quantum efficiencies than Device A although Device B shows lower luminance at a fixed voltage than Device A. The hole and electron mobilities of ADN are in the range of (1 − 5) × 10 −7 cm 2 V −1 s −1 under external applied fields in a range of 0.5-1 MV cm −1 [12] . The electron mobility is slightly higher than the hole mobility, for example, 4.65 × 10 −7 cm 2 V −1 s −1 at 1 MV cm −1 for the former and 4.50 × 10 −7 cm 2 V −1 s −1 for the latter. However, Ho et al. found that the electron mobility of ADN was one order of magnitude higher than its hole mobility [13] . Unlike Device A, BD-3 of 0.1 wt% concentration was codoped in EML of Device B. Such a codoping leads to decrease of electron mobility by electron trapping at BD-3 molecules and becomes comparable to the hole mobility of ADN, resulting in a better charge balance in ADN emissive layer. In this way we understand the observed higher efficiencies of Device B than those of Device A.
The peak of the DSA-ph emission band is observed at 471.2 nm in Device A, while at 470.7 nm in Device B. Blue-shift is observed in Device B although the shift is very small. In the OLEDs with two-layer structure of ITO/ NPB/Alq 3 /LiF/Al, the Alq 3 emission band shows blue-shift with decreasing the Alq 3 layer thickness due to optical interference effects (the recombination zone which is located at the NPB/Alq 3 interface tends to be closer to the metal cathode with decreasing Alq 3 layer thickness) [14] . Therefore, the observed blue shift confirms the expansion of electron-hole recombination zone in Device B compared with Device A. It is also suggested that the expansion of exciton generation region contributes to lengthening the OLED operational lifetime. The reason is that, since the carriers are not confined in a limited area, Joule heating due to recombination of high density electrons and holes is avoided. Therefore we obtained the longer operational lifetime in Device B than in Device A.
Conclusions
Higher luminous and power efficiencies have been obtained at current densities below 0.1 A/cm 2 by codoping BD-3 into the emitting layer of ADN doped with 3 wt% DSA-ph when compared to the case of non-codoping. This improvement is attributed to the charge balance in emitting layer, which is obtained by reducing a higher electron mobility of ADN than the hole mobility. Additionally longer operational lifetime by 1.3 times has been achieved. This is attributed to the expansion of recombination zone, which leads to reduction of heat from recombination of high density electrons and holes in a narrow area.
